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Although sodium internal olefin sulfonates (I0Ss) derived from petrochemicals are known to act as anionic
surfactants, these compounds have few practical applications and their interfacial properties have not been
examined in detail because they have complex compositions and are challenging to prepare. However, |OSs
obtained from vegetable oils have recently been applied to detergents. The present work represents the first
study of the 10S sodium 5-hydroxyhexadecane-4-sulfonate (C16-4S-50H) as a pure substance. The
properties of C16-4S-50H in aqueous solution were assessed by differential scanning calorimetry,
equilibrium surface tension measurements, Fourier transform infrared spectroscopy and proton nuclear
magnetic resonance spectroscopy. This compound was found to have a low Krafft point and a low CMC,
both of which are necessary for a modern sustainable surfactant. Although these two characteristics are
normally difficult to achieve simultaneously, this work demonstrated that C16-4S-50H in aqueous

solution has a highly fixed stereostructure that enables both properties to be achieved. The C16 main
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Accepted 26th May 2021 carbon chain of this compound acts as a C12 and a C4 chain both oriented in the same direction, while

the hydrophilic sulfo and hydroxy head groups form a rigid cyclic moiety including two carbons of the

DOI: 10.1039/d1ra01046h C16 alkyl chain based on hydrogen bonding. This highly fixed molecular structure of the C16-4S-50H in
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Introduction

Surfactants have numerous uses in industry. In particular,
anionic surfactants are able to act as inexpensive cleaning
agents. Although the raw materials of most general anionic
surfactants are mainly biobased, synthetic ones are also used.
Therefore, the development of completely biobased anionic
surfactants is urgently required to satisfy global sustainability
demands." Sodium internal olefin sulfonates (IO0Ss), which can
be synthesized by the sulfonation of alkenes with internal
double bonds produced by the petrochemical industry, has
been known as an anionic surfactant since the 1970s (Fig. 1).
Those analogues in which the sulfo group is instead located at
a terminal carbon of the alkyl chain are termed sodium a-olefin
sulfonates, and there have been many reports concerning the
properties of these compounds in aqueous solution.**
Conversely, there have been only a few studies on the aqueous
solution properties of I0S*® presumably because these are
typically complex mixtures (Fig. 1). Specifically, as-synthesized
10Ss generally exhibit a wide distribution of sulfo group
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water is maintained in the monomer and micellar states below and above the CMC, respectively.

positions and also typically comprise a combination of hydroxy
alkane sulfonates (1a) and alkene sulfonates (1b). IOSs have not
found applications in industry, likely because it is challenging
to prepare colorless I0Ss,” although a high quality IOS product
was recently obtained from vegetable oils.*” Because this bio-
based I0S comprised linear alkenes derived from C16 and C18
saturated fatty acids (which have not been extensively employed
industrially) rather than from C12 and C14 fatty acids that are
currently widely used as raw materials for surfactants, it may

OH
Ch1Hon~ 2 CpH
CmH2m+1 n-1712n-1 m’i2m+1
CnH2n+1 SO.Na
SOzNa 8
1a 1b
/\/\/\/\/\)O;/\/
1c SO;zNa

Fig.1 The molecular structures (1a and 1b) of typical IOSs, where n +
m + 2 is the total carbon number and a hydrophilic head group is
located at some point in the carbon chain. In this study, 1c (1la withn =
11, m = 3; C16-4S-50H; sodium 5-hydroxyhexadecane-4-sulfonate)
was utilized.
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represent a sustainable anionic surfactant.® This IOS may also
allow the effective utilization of surplus saturated long-chain
fats.

The practical application of a surfactant requires high solu-
bility in water and a low critical micelle concentration (CMC).
The former is necessary to dissolve in water while the latter
reduces the amount of surfactant required. Even so, it is very
difficult to simultaneously obtain both properties, because the
former requires high hydrophilicity while the latter necessitates
significant hydrophobicity. In addition, an ideal surfactant will
function under various conditions (such as at low temperatures
or high water hardness values) and has to work with less
amount from the viewpoint of sustainability. Therefore, the
development of a design strategy for surfactant molecules that
can simultaneously satisfy the aforementioned apparently
incompatible requirements is desirable.

In the present study, the aqueous solution properties of IOS
were subsequently assessed using the pure sodium 5-
hydroxyhexadecane-4-sulfonate (C16-4S-50H) (1c), which is one
of the most representative components included in the bio-
based I0S showing a low Krafft point (Kp) and low CMC. It is the
first-ever investigation of a completely pure single-component
I0S. The molecular structure of this IOS is characterized by
two hydrophilic groups (that is, sulfo and hydroxy groups)
located at the 4- and 5-carbons of the alkyl chain. The rela-
tionship between molecular structure and interfacial properties
is one of the most interesting and widely researched aspects of
such compounds. However, the stereostructures of amphiphiles
in solution must be examined not only based on their theoret-
ical molecular structures but also by considering their actual
forms induced by hydrophobic effects or hydration of the
hydrophilic groups.”** Therefore, the actual state and stereo-
structure of C16-4S-50H in water were studied in detail. More-
over, the relationship between the stereostructure of the
surfactant in water and the aqueous solution properties was
examined.

Experimental
Materials

In this study, the raw material for the synthesis of the C16-4S-
50H (4-hexadecene) was first made. During this process,
1432.6 g butyltriphenylphosphonium bromide (3.59 mol; Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan) was dissolved in
4.50 L tetrahydrofuran (FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan) by stirring at 0 °C. Following this, 382.6 g
potassium tert-butoxide (3.41 mol; FUJIFILM Wako) in 1.50 L
tetrahydrofuran was added and the mixture was cooled to
—10 °C and stirred for 1.50 h. Subsequently, the reaction
mixture was further cooled to —60.0 °C and 507.6 g dodecanal
(2.75 mol; Tokyo Chemical Industry) in 0.50 L tetrahydrofuran
was added dropwise and the mixture was stirred for 3.00 h at
room temperature. Following this, the reaction was quenched
by adding a saturated aqueous solution of ammonium chloride
(FUJIFILM Wako). The organic phase was washed with brine
and dried with magnesium sulfate (FUJIFILM Wako), after
which the solvent was removed by evaporation. The resulting
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residue was purified by column chromatography utilizing silica
gel (60 N; 63-200 um; Kanto Chemical Co., Inc., Tokyo, Japan)
and hexane (FUJIFILM Wako). As in prior studies, gas chro-
matography (GC) was used to confirm that the 4-hexadecene
was a mixture of stereoisomers (cis/trans = 97.1/2.9).'>'*

C16-4S-50H was obtained by the sulfonation of 4-hex-
adecene followed by neutralization with sodium hydroxide.”
The reaction product was recrystallized from ethanol (>99.5%,
FUJIFILM Wako) three times to give the high-purity C16-4S-50H
monohydrate (purity, >99.9%). The concentrations of impuri-
ties such as inorganic salts and residual 4-hexadecene were
confirmed to be below the detection limits of the respective
analytical techniques during analyses by ion chromatography
and gas chromatography. The molecular structure of the
product was determined using proton nuclear magnetic reso-
nance ("H NMR) (Fig. S1, ESI{) and liquid chromatography with
tandem mass spectrometry (Fig. S2, ESIf). Additionally, the
purity of the material was confirmed by elemental analysis
(Table S1, ESIT).

All the aqueous solution samples utilized for the subsequent
experiments were prepared with ultrapure water obtained from
an RFD250RB system (Advantec Toyo Kaisha, Ltd., Tokyo,
Japan). The NMR and Fourier transform infrared (FT-IR) anal-
yses utilized deuterium oxide (FUJIFILM Wako) and sodium
isethionate (Combi-Blocks, Inc., San Diego, USA) as received
without further purification.

Methods

Determination of Kp using differential scanning calorim-
etry. The Kp value of the C16-4S-50H was determined by
differential scanning calorimetry (DSC), employing a Discovery
DSC (TA Instruments, New Castle, PA, USA). An approximately
70.0 mg sample of a 1.00 wt% aqueous solution of the
compound was transferred into a stainless-steel pan (TA
Instruments), which was then sealed and heated at a rate of
0.30 °C min~ " from —40.0 to 60.0 °C after an initial annealing
below —20 °C.

Equilibrium surface tension measurements. The equilib-
rium surface tension (EST) of the various concentrations of
aqueous C16-4S-50H solution was assessed at 26.0 °C using the
Wilhelmy plate method, utilizing a platinum plate with a K-
100MK2 tensiometer and a temperature-controlled vessel
(Kriiss GmbH, Hamburg, Germany). These measurements were
performed in the equilibrium state, defined as that in which the
fluctuation in the values was less than 0.10 mN m ™" for 60 min.
All data were acquired after the samples had been allowed to
stand for longer than 12 h in a lidded Teflon Petri dish.

'H NMR spectroscopy. The "H NMR spectra were acquired
with an ECA-600 instrument (600 MHz; JEOL Ltd., Tokyo, Japan)
at 26.0 °C. The chemical shifts were determined relative to
a deuterium peak centered at 4.65 ppm, based on previous
reports.>*?

Hydrogen/deuterium (H/D) exchange analyses. C16-4S-50H
was dissolved in deuterium oxide at concentrations that were
either above or below the CMC and left to stand at 60.0 °C for
3.00 h. Thereafter, the sample was lyophilized. In trials with
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sodium isethionate, a 1 wt% deuterium oxide solution was
utilized, following the same procedure as was applied with the
C16-4S-50H.

Attenuated total reflectance FT-IR spectroscopy. Attenuated
total reflectance (ATR) FT-IR spectra were acquired using
a Nicolet 6700 spectrometer (Thermo Fisher Scientific, Inc.,
Massachusetts, USA) with 2.00 cm ™" resolution.

Results and discussion

Aqueous solution properties of C16-4S-50H

Kp. The Kp of C16-4S-50H as a 1.00 wt% (approximately 2.9
x 107% mol dm®) aqueous solution was determined to be
25.6 °C by DSC. This Kp is compared to those for similar
surfactants in Table 1.***” Sodium 2-hydroxyalkane-1-sulfonate
(C16-1S-20H), in which the sulfo group is on a terminal
carbon, is an analogue of C16-4S-50H with the two functional
groups in different positions. Interestingly, both sodium hex-
adecyl sulfonate (C16-1S) and C16-1S-20H, which are also C16
compounds, have much higher Kp values than C16-4S-50H.
These data do not suggest that these surfactants become
more water soluble if they possess more head groups. Moreover,
even sodium 2-hydroxydodecane-1-sulfonate (C12-1S-20H),
which has a shorter C12 alkyl chain, has a Kp that is 41.9 °C
higher than that of C16-4S-50H. It is well known that longer
alkyl chains tend to increase Kp and, comparing C16-1S-20H
with C12-1S-20H, the linear alkyl chain is shortened by four
carbons such that Kp was reduced by 20.5 °C. However,
comparing C16-1S-20H with C16-4S-50H, the sulfo group is
shifted from the 1-carbon to the 4-carbon of the alkyl chain and
the Kp is decreased by 62.4 °C. These results indicate that an
internal relocation of the hydrophilic groups is more effective at
lowering Kp than reducing the alkyl chain length. The
remarkably low Kp of C16-4S-50H resulting from its internal
hydrophilic groups would be expected to allow its use around
room temperature, even though most conventional surfactants
possessing a C16 alkyl chain precipitate at this temperature.
Generally, the Kp values of surfactants with long linear alkyl
chains are higher because of the strong hydrophobic effect
between the alkyl chains and the aqueous environment. In the
case of C16-4S-50H, the hydrophilic groups divide the linear
C16 chain asymmetrically into C12 and C4 chains. This is

Table 1 Krafft points (Kp) and molecular structures of C16-4S-50H
and other anionic surfactants

Molecular structure Kp/°C
OH
C16-4S5-50H 25.6
SOsNa
C16-1S P T e e N S S s 59.0 (ref. 16)
C16-15-20H on 88.0 (ref. 17)
A sona
OH
C12-1S-20H \/\/\/\/\)\/SOWH 67.5 (ref. 17)
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thought to affect the alkyl chain conformation so as to reduce
interactions in water.

EST of a C16-4S-50H aqueous solution. Fig. 2 plots EST (v)
against log C (where C is the total concentration) for a series of
aqueous C16-4S-50H solutions at 26.0 °C (just above the Kp
value). The vy values are seen to have decreased linearly as C
increased up to the point where they eventually plateaued,
corresponding to the CMC. Interestingly, the plot displays
a small minimum point close to the CMC. This phenomenon is
typically attributed to the presence of a low concentration of
hydrophobic impurities, which in the present case might be
a byproduct (1b in Fig. 1) or positional isomers in which the
hydroxy and/or sulfo groups are at different carbons. However,
these impurities were not detected by the analyses described
above and the elemental analysis data were in good agreement
with the theoretical values. Thus, any such impurities are
thought to have been present at negligible levels. The linear
decrease in vy with increasing concentration in the more dilute
regime corresponds to the Gibbs adsorption equation:

1 dy .
I'= 4 606rT (610g c)’ )

1

Amin = N 7
Na I

2)
Here, I' is the surface excess concentration of the surfactant, R is
the gas constant, 7 is the absolute temperature, A,;, is the area
per molecule at the air-water interface, and N, is Avogadro's
number. The surface tension of C16-4S-50H in the vicinity of its
CMC (vemc) and its Ap, values (calculated using eqn (2)) are
provided in Table 2, where they are compared with values for
conventional anionic surfactants (sodium C12-16 alkyl
sulfates). These surfactants have very similar molecular struc-
tures to those of sodium alkyl sulfonates but are more water-
soluble, and so their reported data are more reliable than
those for alkyl sulfonates.'®>

70

65| —e ]

60 | :
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Concentration of C16-4S-50H / mol dm™

Fig. 2 EST versus the concentration of agueous C16-4S-50H solu-
tions at 26.0 °C. The straight line represents the Gibbs adsorption
isotherm.
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Table 2 Interfacial properties of aqueous solutions of C6-4S-50H and conventional anionic surfactants (sodium alkyl sulfates (AS))*8-2*
CMC/mmol dm ™ YCMC/mN m™* I'max/107¢ mol m ™2 Amin/nm?

C16-4S-50H 3.00 37.8 1.89 0.88

C12 AS® 7.94 (ref. 18) 39.9 (ref. 19) 3.16 (ref. 19) 0.53 (ref. 19)

C14 AS? 2.05 (ref. 18) 35.2 (ref. 20) 3.70 (ref. 20) 0.45 (ref. 20)

C16 AS° 0.50 (ref. 21)

@ At 26 °C. ? At 25 °C. © At 45 °C. The values for C16-4S-50H were calculated using eqn (1) and (2) employing the experimental data in Fig. 2. C,, AS:

C,H;,+1-OSO;Na.

The CMC for C16-4S-50H was determined to be 3.00 X
1073 mol dm 3, which was lower than that of C12 AS, almost the
same as that of C14 AS and much higher than that of C16 AS.
These results clearly suggest that C16-4S-50H can be consid-
ered as comprising asymmetric C12 and C4 chains rather than
a single C16 alkyl chain. For double chain surfactants, empirical
data show that the subchains are expected to exert almost half
the effect of the main chain on the CMC values proportional to
the carbon number.?> On this basis, the CMC of C16-4S-50H
should be almost equal to that of C14 AS. Although a C4 alkyl
chain is too short to have a hydrophobic effect,'®** the observed
decrease in the CMC demonstrates that the C4 chain in this
compound was able to function as a hydrophobic chain
together with the C12 chain. The ycyc of C16-4S-50H was
intermediate between those of C12 AS and C14 AS, as was also
the case for the CMC values. In contrast, the A,,;, value for C16-
4S-50H was 0.88 nm”, which was much larger than those for
C12 AS and C14 AS (Table 2). This large A,,;, is not attributed to
the presence of the C12 and C4 chains because the A,;, value of
the representative double-tailed anionic surfactant sodium 4-
(dodecan-4-yl)benzenesulfonate is smaller (0.55 nm?*).* It is well
known that surfactants reduce surface tension as a result of
surface adsorption and coverage.”” Interestingly, this compar-
ison of the A,,;, values suggests the opposite of the anticipated
result, since C16-4S-50H would be expected to form a more
densely packed monolayer than C12 AS at the air-water
interface.

As noted in the Introduction, a high degree of solubility in
water and a low CMC are essential for modern surfactants.
Although these two properties are normally not achieved
simultaneously, the C16-4S-50H exhibits both a low Kp and
CMC. Common qualitative correlations, including that of Ay,
between theoretical molecular structure and interfacial prop-
erties cannot adequately explain this result. Thus, the stereo-
structure of this compound in aqueous media was studied, as
discussed in the next sub-section.

Analysis of the stereostructure of C16-4S-50H in water

The actual states of the hydrophobic and hydrophilic portions
of the C16-4S-50H in water were studied to clarify the true
stereostructure, which might be responsible for its various
characteristics of interest.

'H NMR. The conformations of the alkyl chains of C16-4S-
50H in water was investigated using "H NMR spectroscopy
(Fig. S1, ESIT). Fig. 3 presents the 'H NMR peaks generated by

© 2021 The Author(s). Published by the Royal Society of Chemistry

the 4- and 5-methine protons based on spectra obtained from
a 1.00 x 10~° mol dm~? C16-4S-50H solution in D,O (that is,
a concentration lower than the CMC value), together with the
corresponding coupling constants. The coupling constants of
the 3-methylene and 4-methine protons were found to be
significantly nonequivalent (they had different coupling
constants; Jiy = 5.20 and 6.00 Hz, respectively). Furthermore,
the 5-proton and the two 6-protons in the C12 chain were also
nonequivalent. These results indicated that the rotations of
both the C4 and C12 chains were highly restricted. The coupling
constant between the two methine protons (the 4-H and 5-H)
was 2.40 Hz, which also suggests that the C4 and C12 chains
were tightly fixed and oriented in the same direction. Addi-
tionally, if the C-C bond between the 4-C and 5-C was able to
rotate freely, the C4 and C12 chains would be expected to orient
themselves in opposite directions to reduce steric repulsion,
which in turn would increase the coupling constant. It should
be noted that the coupling constant associated with the 5-
proton and hydroxy proton was difficult to determine because
the 5-hydroxy proton peak at approximately 4.6 ppm (Fig. S1,
ESIf) completely overlapped the solvent peak. These 'H NMR
results suggest that the configurations of the two asymmetric
alkyl chains that were directly attached at the 4- and 5-C posi-
tions of the C16-4S-50H monomer were strongly fixed in this
medium.

The effects of the solution concentration on this character-
istic stereostructure of the monomer were also studied. In
particular, the changes in the '"H NMR spectra associated with
micelle formation were examined by comparing spectra
acquired below and above the CMC. In Fig. 4, the difference in
the o values of the peaks for the methyl protons on the terminal
carbons (that is, 1- and 16-H) are plotted against the inverse

oty i

(ddd, J*<8.1,5.8, 2.4) (ddd, J*<6.0,5.2, 2.4)

Fig. 3 'H NMR spectra showing peaks related to the (a) carbon 4 and
(b) carbon 5 protons of C16-4S-50H. The position numbers are
indicated in the molecular structure.

RSC Adv, 2021, 11, 19836-19843 | 19839
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Fig.4 Difference in the *H NMR chemical shifts of the terminal methyl
protons of C4 alkyl (O) and C12 alkyl () chains of C16-4S-50H
versus the inverse concentration of aqueous C16-4S-50H solutions at
26 °C.

C16-4S-50H concentration at values around the CMC. Although
both peaks exhibited little change with variations in concen-
tration below the CMC, they suddenly shifted downfield above
the CMC, both to the same extent. In the case of DBS, which has
two alkyl chains, the variations in this ¢ difference for the
terminal methyl groups below and above the CMC have been
studied in detail.*»** Prior work showed that the peak generated
by the methyl proton of the longer alkyl chain moved upfield by
approximately 0.03 ppm as micelles were formed and aggre-
gated in water. In contrast, the peak related to the shorter alkyl
chain moved downfield by about 0.04 ppm. It has been estab-
lished that the opposite movements of these methyl protons
reflect the different positions of the methyl groups in the
micelle aggregates. Specifically, the methyl group of the longer
alkyl chain is located in the hydrocarbon core while the other is
near the hydrophilic groups (that is, the palisade layer).
However, the "H NMR results in Fig. 4 show that the peaks for
both the C12 and C4 chains of C16-4S-50H moved downfield as
micelles formed. This result suggests two possibilities con-
cerning stereostructure in the micelles and the positions of the
terminal methyl groups. One explanation is that the highly fixed
stereostructures of the monomers below the CMC were main-
tained when the micelles were formed above the CMC. In this
case, the short C4 subchains would function as hydrophobic
groups, as was discussed above in relation to CMC values.
Another possibility is that the terminal methyl groups
continued to experience the deshielding effect of the highly
electron-withdrawing sulfo groups, since they were close to
these hydrophilic head groups. Downfield shifts of the terminal
methyl group peaks were observed in conjunction with the
formation of micelles of surfactants having mixed alkyl chain
lengths.” It has been proposed that this phenomenon occurs
when the alkyl chains curl up or bend such that they approach
the head groups in the micelles. Although the C16-4S-50H in
the present work was a single compound, the eight carbon
difference in the alkyl chain lengths was large enough that these

19840 | RSC Adv, 2021, 11, 19836-19843
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chains might be expected to bend and loop to fill the spaces in
the micelle cores. The ¢ values for the 4- and 5-protons around
the head groups were almost unaffected by increases in the
solution concentration. This finding provides support for the
hypothesis that the downfield shifts of the peaks for the two
terminal methyl protons were caused by their environment in
the micelle.

Observation of H/D exchange by FT-IR. The restricted
motions of the C16-4S-50H alkyl chains in water were examined
by studying the states of the two hydrophilic head groups. These
two functional groups were expected to readily form a six-
membered ring containing the 4- and 5-C positions, as a result
of intramolecular hydrogen bonding. This structure could
potentially affect the overall stereostructure of the C16-4S-50H
and the degree of restriction of the two alkyl chains in water.

H/D exchange experiments were employed to evaluate the
presence of hydrogen bonding and its effect on stability in
solvents.> Initially, the H/D exchange of the hydroxy proton of
C16-4S-50H in D,0 was investigated. Fig. 5(a) presents the FT-
IR spectra of solid C16-4S-50H samples obtained by lyophi-
lizing solutions of C16-4S-50H in D,O at various concentra-
tions. The O-H and O-D stretching bands were observed at
approximately 3000-3500 and 2500-3000 cm ', respectively.
The strong, sharp peaks in the range of 2800-3000 cm ™" were
assigned to C-H stretching. The C16-4S-50H samples obtained
from D,O solutions at 60 °C with concentrations from 1.00 x
107 mol dm ™ (below the CMC) to 1.00 x 10~* mol dm?
(above the CMC) all generated O-H stretching bands but not
O-D stretching bands. The 5-hydroxy proton of the C16-4S-50H
was evidently inactive during the H/D exchange regardless of
the solution concentration (and therefore the aggregation
state). The formation of a stable hydrogen bond between the
hydroxy proton and sulfonyl oxygen could possibly have
inhibited the H/D exchange of this hydrogen.

The same H/D exchange experiments were repeated using
sodium isethionate, which has a molecular structure that
corresponds to the hydrophilic groups of C16-4S-50H without
the hydrophobic alkyl chains (Fig. 5). In these trials, a 1.00 x
102 mol dm ™ solution was employed and the FT-IR spectra
acquired before and after the D,O treatment are shown in
Fig. 5(b). In these spectra, the O-H stretching band around
3400 em™" is seen to have decreased in intensity while an O-D
stretching band around 2500 cm™' appeared after the D,O
treatment. These results confirmed that an H/D exchange pro-
ceeded. The very different behaviors of the C16-4S-50H and
sodium isethionate can likely be ascribed to the presence of
long alkyl chains in the former. It was inferred from the "H NMR
results that the long and short alkyl chains of C16-4S-50H were
highly restricted and also both oriented in the same direction in
water. This fixed orientation of the two chains may have
promoted the intramolecular cyclization to form a ring
comprising the 4-CH, 5-CH, the oxygen and hydrogen of the
hydroxy group, and the sulfur and oxygen of the sulfo group
(Fig. 5(a)). Conversely, the cyclization of the head groups might
have fixed the orientation of the two alkyl chains.

The H/D exchange of C16-4S-50H in D,O was inhibited even
in the monomer and micelle states. In aqueous solutions below

© 2021 The Author(s). Published by the Royal Society of Chemistry
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After H/D Exchange
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Fig. 5 Evidence for H/D exchange in the FT-IR spectra of C16-4S-5H and sodium isethionate (26 °C). (a) Effect of the concentration of C16-4S-
50H on H/D exchange. (b) Change in the FT-IR spectra of sodium isethionate before and after the H/D exchange treatment.

the CMC, the C16-4S-50H existed in its monomeric form.
Because the distance between monomers was relatively large at
these concentrations, intermolecular interactions could not
readily proceed. Conversely, there intermolecular interactions
occurred easily above the CMC. The minimal H/D exchange at
both concentrations strongly suggests that the molecular struc-
ture was able to independently stabilize the hydroxy proton by
intramolecular cyclization regardless of the aggregation state.

Actual stereostructure of C16-4S-50H in water

As discussed above, the three aspects of the true molecular
structure of C16-4S-50H in water were clarified. Firstly, the
geometries of the C12 and C4 alkyl chains and of the hydro-
philic groups were strictly fixed. Secondly, the hydroxy protons
were highly stabilized by intramolecular hydrogen bonding.
Lastly, the hydroxy protons were stabilized by the two alkyl
chains. The actual stereostructure of the two alkyl chains in
water was determined to be a cis configuration (4R, 5S or 45, 5R)
based on the '"H NMR coupling constants (Fig. 6). Thus, C16-4S-
50H in water appears to consist of a hydrophobic unit con-
taining long and short alkyl chains with highly ordered orien-
tations and a large cyclic hydrophilic head unit containing the
sulfo and hydroxy groups.

4R, 58

4S, 5R

Fig. 6 Possible molecular structures of sodium 5-hydroxyhex-
adecane-4-sulfonate (C16-4S-50H) in water.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Two head groups. In the case of a surfactant adsorbed on the
air-water interface, the intermolecular distance greatly depends
on the size of the hydrophilic groups, including the effects of
electrostatic and steric interactions.”” Therefore, it is helpful to
discuss the larger Ap,;, value (0.88 nm?) obtained for the C16-4S-
50H (Table 2). Generally, a double alkyl chain surfactant such
as DBS possessing only one hydrophilic group will not exhibit
restriction of the alkyl chain orientation, and will have an A,
value in the range of 0.45-0.65 nm”. These values are almost the
same as those of the alkyl sulfates (Table 2) and much smaller
than that of C16-4S-50H.>* Therefore, it appears that the head
group of C16-4S-50H was much larger than a phenyl sulfonate
group. This result confirms the successful formation of a large
intramolecular cyclic hydrophilic group rather than an inter-
molecular group, because intermolecular hydrogen bonding
would have decreased the intermolecular distance and
produced a close packing state.

Dissymmetric alkyl double chains. DBS also possesses an
alkyl chain that is divided into a main chain and a subchain by
a single hydrophilic sulfo-phenyl group. The two alkyl chains and
single hydrophilic group are attached to one chiral methine
carbon. The short subchain of DBS is evidently located in a pali-
sade layer near the hydrophilic group away from the main chain
based on differences in the chain length, even in the case that the
subchain is longer than four carbons.”® This subchain is much
different from that of C16-4S-50H because it is oriented in the
same direction as the main chain and also might situate in the
micelle core along with the main chain (Fig. 4). Because the
saturated carbon atom in DBS has four sigma bonds, the two
alkyl chains in DBS each bond to the carbon at an angle of 109.5°,
which could hinder the alignment of the two alkyl chains.
Conversely, the two alkyl chains of C16-4S-50H could be oriented
close to each other because they are linked to different carbons.

The difference between C16-4S-50H and a heterogemini
surfactant

Gemini surfactants, which comprise two surfactants linked by
a spacer unit, have attracted much attention because of their
exceptional surface properties, such as low CMCs, good surface

RSC Adv, 2021, 11, 19836-19843 | 19841
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tension reduction characteristics and low Kp values. However,
these compounds do exhibit large A,;, compared with common
surfactants possessing both a single chain and single head
group.”' Those surfactants exhibiting asymmetry in their
hydrophilic groups and/or alkyl chains are termed hetero-
gemini surfactants.®*?® There are three important factors
related to these compounds: the dissymmetry between the two
alkyl chain lengths, the spacer chain length, and the type of
hydrophilic head group. Although there have been many reports
regarding heterogemini surfactants, such prior work has always
involved subchains longer than six carbons, possibly because
shorter chains may not be hydrophobic.'®** Most previously
reported spacer chains were also longer than two carbons
because it is challenging to prepare gemini surfactants with
shorter spacers. Moreover, such compounds might not be water
insoluble because of the strong hydrophobic characteristics of
the two alkyl chains in proximity to one another. As an example,
even aqueous solutions of gemini surfactants possessing C2
spacers have exhibited very high viscosities at relatively low
concentrations.’” There have also been a few reports of hetero-
gemini surfactants, such as C16-4S-50H, with shorter spacers
(C1 or C0).**** Additionally, surfactants in which both the chain
lengths and hydrophilic groups were different have been
examined.?*%%*

C16-4S-50H could be easily regarded as a kind of hetero-
gemini surfactant based on a casual analysis, although its alkyl
subchain is too short to be considered as a hydrophobic moiety.
Moreover, the spacer is only a C-C bond (that is, C0) while the
two head groups are different and form an intramolecular ring
structure. In fact, a heterogemini surfactant with the same
molecular structure as C16-4S-50H around the two head groups
has been reported.®® However, unlike C16-4S-50H, this
compound possesses two long hydrophobic chains that are
believed to be in a trans configuration as a result of the steric
repulsion between them. These two long chains likely prevent
the two head groups from approaching one another to the
extent necessary to initiate hydrogen bonding. The A, value
for this surfactant is reported to be above 1.2 nm? which is
average for a gemini surfactant but much larger than that of
C16-4S-50H (0.88 nm?). Thus, although the A, of C16-4S-50H
is greater than that of most common surfactants, it is very
compact compared with gemini surfactants. Therefore, the
highly fixed molecular structure of C16-4S-50H could result
from both the dissymmetric chains, which do not undergo
steric repulsion, and the formation of the intramolecular ring
by the two head groups. As such, C16-4S-50H should not be
regarded as a gemini surfactant but rather as an asymmetric
double chain surfactant with a large head group.

Origin of the low Kp and CMC of C16-4S-50H

Low Kp. The two asymmetric alkyl chains of this surfactant
naturally affect the packing state between the molecules in
water. On the basis of the well-studied phase transition
temperatures of phospholipids, increasing the asymmetry of
the two alkyl chains would be expected to reduce the chain
packing density.*” The results of the present study (Table 1)
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suggest that the extreme asymmetry of the two alkyl chains
could inhibit aggregation, thus reducing Kp. The C16-1S-20H
structural isomer of C16-4S-50H exhibits a much higher Kp
than that of C16-4S-50H, and the Kp of C12-1S-OH is even
higher, although the alkyl chain length is the same as that of the
main chain of C16-4S-50H. The decrease in Kp was therefore
caused by the decrease in the packing density of the two
asymmetric alkyl chains.

Low CMC. As noted above, C16-4S-50H can be regarded as
a surfactant possessing a C12 alkyl chain as its main hydro-
phobic group rather than one possessing a C16 hydrophobic
chain, because of its low Kp (that is, its higher water solubility).
However, surfactants that are highly water-soluble generally
have higher CMC values. Therefore, it is of interest to establish
the manner in which C16-4S-50H provides both increased water
solubility and a reduced CMC. The results of this study clearly
suggest that the C4 alkyl subchain of C16-4S-50H might act as
a hydrophobic moiety, although alkyl chains of less than four
carbons would be expected to remain in the palisade layers of
micelles in proximity to the hydrophilic head groups. The main
driving force for micelle formation by surfactant monomers in
water is the entropy gain caused by the release of hydrated water
molecules around the hydrophobic chains (meaning the
hydrophobic effect). In the case of C16-4S-50H, both the C12
and C4 alkyl chains could have contributed to the hydrophobic
effect. Moreover, the 14 extra carbons could have increased the
entropy gains, even though the two carbons to which the two
head groups were directly attached were likely situated in the
palisade layers of the micelles and did not function as members
of the hydrophobic group. The similarity between the CMC
values of C16-4S-5H and C14 AS (Table 2) could therefore result
from the total number of hydrophobic carbons and not the
packing states of the two alkyl chains.

Conclusions

An IOS derived from a C16 oleo resource exhibited both excel-
lent water solubility and a low CMC, which are typically trade-off
properties, despite possessing a long hydrophobic chain.
Therefore, this compound is expected to have applications as
a sustainable anionic surfactant. The C16-4S-50H 10S synthe-
sized in this work was isolated and purified and its actual
stereostructure in water and the effect of its molecular structure
on its physicochemical properties were investigated. The highly
fixed stereostructure of this molecule was found to be main-
tained in aqueous solutions both below and above its CMC. The
formation of highly oriented and largely hydrophobic asym-
metric C12 and C4 chains was confirmed. In addition, the
generation of a stable cyclic hydrophilic unit consisting of two
carbons of the C16 alkyl chain was shown to occur via hydrogen
bonding. The actual molecular structure of this surfactant
lowered the packing density of the two alkyl chains and reduced
its Kp, leading to exceptional water solubility. Conversely, only
16 carbons contributed to the hydrophobic effect during micelle
formation, thereby affording a low CMC value. In this manner,
the trade-off between water solubility and a low CMC was cir-
cumvented. The nature of these 10S characteristics depended

© 2021 The Author(s). Published by the Royal Society of Chemistry
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not only on the heterogemini structure of the surfactant but
also on the formation of the cyclic hydrophilic unit. The infor-
mation gained in this work regarding the molecular design of
such compounds could contribute to the development of
sustainable surfactants.
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